Phosphatidylinositol phosphates are key regulators of cell signalling pathways and membrane trafficking in eukaryotic cells, and there is a need for new chemical probes to further understand how they interact with lipid-binding proteins. Here, the synthesis of phosphatidylinositol phosphate analogues containing adamantyl carboxylic ester groups, in place of the natural lipid side chains, is described. These derivatives are considerably more soluble in water than analogues containing other lipid side chains and do not form large aggregates such as liposomes or micelles. These adamantyl analogues bind to known phosphoinositide-binding proteins with similar affinities to native ligands and will facilitate future studies on the substrate specificities of these proteins involving cocrystallisation studies with proteins.
Introduction
Phosphatidylinositol phosphates (PtdInsPs or PIPs) play significant roles in multiple biological processes within the cell. [1] [2] [3] They function as precursors for secondary messengers in cell signalling pathways and act as membrane receptors for a variety of proteins involved in intracellular membrane trafficking and organelle biogenesis. These processes underlie normal cellular and tissue development, while defects can lead to disease. [4] The development of new probes for investigating phosphoinositide function is therefore of high importance from a biological and a pharmaceutical view point. [5] [6] [7] There are eight known naturally occurring PIPs, varying only in the phosphorylation status of the 3-, 4-, and 5-positions of the myo-inositol head group of the phospholipid (summarised in Fig. 1 ). The polar head group of PIPs is linked to a diacylglycerol moiety via the myo-inositol C-1 hydroxyl through a phosphodiester linkage. The fatty acids found in naturally occurring PIPs have varying lengths and levels of unsaturation, and the precise constitution is species-dependent. In animals, the major molecular species contains stearic acid (18 : 0) at the sn-1 position and arachidonic acid (20 : 4) at the sn-2 position (as shown in Fig. 1 ). However, in plants, a range of carboxylic acids from palmitic acid (16 : 0) and stearic acid to linoleic acid (18 : 2) can be found at the sn-1 position with linoleic acid at the sn-2 position. [8, 9] We have previously described the synthesis of all eight derivatives of the PIP family of compounds and analogues carrying an v-N-terminal substituent on the sn-1 chain for each compound. [10] This modification was used to immobilised these lipids onto affinity beads for proteomic studies and onto a Biacore TM chip for detailed evaluation of the affinity of different PIP-binding proteins for their cognate ligands. [11] The synthesis of these derivatives was made possible through the development of a reductive selective cleavage of myo-inositol orthoformate to allow regioselective protection of the six hydroxyl groups around the inositol ring. [12] Enantiomerically pure compounds were obtained through diastereomeric resolution, using camphanic derivatives, in order to achieve separation of the diastereomers. [8] The synthetic derivatives of these molecules were used to form liposomes for characterisation purposes. [13, 14] However, it is not always desirable to form liposomes or higher-order aggregates when studying such compounds. Furthermore, the long-acyl-chain derivatives are not particularly soluble in water owing to their hydrophobicity, which can cause problems when studying the interactions of such compounds with polar macromolecules. Derivatives with shorter alkyl chains such as butanoyl ester side chains have been developed and applied to protein cocrystallisation studies. [15] However, these compounds have also been reported to be unstable. Cocrystals of known PIPbinding proteins with the equivalent lipid-free inositol phosphate, such as myo-inositol 1,4,5-trisphosphate (IP3), have also been prepared but these analogues completely lack the diacylglycerol lipid moiety that is likely to contribute to the affinity of these compounds with certain proteins.
Here, the adamantane-carboxylic ester groups have been used as alternatives to the long fatty acid chains. Adamantanecarboxylic acid has been used previously to fabricate semisynthetic analogues of glycolipids. [16] The aqueous solubility of the resulting compounds has been reported to be significantly increased, which could be attributed to the formation of low-order aggregates. [16, 17] In addition, the rigid globular hydrocarbon framework of adamantane groups may facilitate the crystallisation processes. Furthermore, they may also mimic the actual behaviour and conformation of the long acyl chains of naturally occurring phosphoinositides in vivo when exposed to the buffer-like cytosolic environments.
Results and Discussion
The adamantane-containing side chain phosphoramidite 5 was synthesised successfully from (þ)-1,2-O-isopropylidene glycerol 1 (Scheme 1), which was also used as a precursor in the previous synthesis of the N-terminal, and unsaturated, side chain analogues of the full family of PIPs. [10] Diol 2 was obtained by paramethoxybenzyl (PMB) protection of 1 followed by subsequent methanolysis of the acetal group. [18] Exhaustive esterification of 2 with adamantyl chloride gave the desired PMB-protected lipid 3 in 86 % yield.
Traditionally, esterification of compound 2 with other acid chlorides forms the ester at room temperature but in this case, owing to the steric demand of the adamantane moieties, heating under reflux was required to induce the reaction to reach completion. Ceric ammonium nitrate (CAN) oxidation successfully removed the PMB group to afford the 1,2-di-Oadamantanecarbonyl-sn-glycerol 4 in 79 % yield. Phosphitylation of the resulting alcohol with the bisphosphoramidite (BnO) P(N i Pr) 2 , [8] in the presence of 1H-tetrazole, provided the diadamantyl glycerol-side chain phosphoramidite 5 in 90 % yield.
The protected inositol head group intermediates for both PI(4,5)P 2 6 and PI(3)P 7 were synthesised in 13 and 10 steps respectively from myo-inositol. [10] Coupling the side chain phosphoramidite 5 with the C-1 hydroxyl derivatives 6 and 7 gave the fully protected intermediates 8 and 9 in moderate yields after purification by flash chromatography (Scheme 2). The final step employed global hydrogenolytic cleavage under pressure in the presence of a palladium catalyst. [8] In the case of the PI(4,5)P 2 derivative, conditions using Pd black (20 equiv.) in a 6 : 1 tert-butanol/water mixture containing sodium bicarbonate gave the adamantane-PI(4,5)P 2 derivative 10 as the sodium salt in 62 % yield. For the PI(3)P derivate, Pd(OH) 2 was used in a 3 : 2 THF/methanol mixture to give the adamantine-PI(3)P derivative 11 in quantitative yield. Indicative 31 P NMR signals for compound 11 at À0.35 and À0.90 ppm, shifted from further downfield, and no aromatic resonances in the 1 H NMR spectrum confirmed that the benzyl protecting groups had been removed. A high-resolution mass spectroscopy (HRMS) peak of m/z 737.2336, corresponding to the (M À H) À ion (theoretical value 737.2336), confirmed the identity of the final product 11.
As predicted, these analogues were considerably more soluble in water than the naturally occurring compounds and no liposomes or micelle formation was observed even at high concentration. However, it was suggested that, owing to their bulk, the adamantyl groups could potentially affect the binding of the head group to the protein binding pocket. It was therefore important to test the binding nature of these compounds before further study.
Isothermal titration calorimetry (ITC) studies were carried out to compare the binding kinetics of the free head group (inositol 1,3-diphosphate) and the PI(3)P analogue 11. The affinity of compound 11 for the known PI (3) 
factor-regulated tyrosine kinase substrate) shows only a small reduction in binding affinity when compared with the free head group (Fig. 2) ; dissociation constant (kD) values of 6.1 and 1.8 mM respectively were observed. Furthermore, this protein has a well-defined binding surface in comparison with other known PIP-binding domain-containing proteins, indicating that the adamantyl groups are indeed useful replacements of the naturally occurring long-chain fatty acids. [19] 
Conclusion
In conclusion, highly water-soluble derivatives of the naturally occurring phosphoinositides have been generated by replacing the acyl fatty chains with adamantyl groups. These analogues containing bulky adamantyl groups have been demonstrated to retain the binding affinity of the phosphorylated myo-inositol head groups for the FYVE domain-containing protein HGS.
Studies are now focussed on obtaining cocrystallised structures in order to fully characterise the binding of these phosphoinositides with their protein counterparts and to determine the importance of the diacylglycerol unit in protein recognition. Melting points were determined with an Electrothermal Engineering IA9100 or a Büchi 510 melting point apparatus and are uncorrected.
Analytical thin-layer chromatography (TLC) was completed on precoated 0.2-mm thick Merck Kieselgel 60 F 254 silica gel plates and visualised by absorption of UV light and ethanolic phosphomolybdic acid (PMA) or aqueous potassium permanganate solution.
Flash chromatography was carried out, unless stated otherwise, on silica gel (Merck Kieselgel 60, 230-400 mesh) under a pressure of nitrogen.
Hydrogenations at high pressure were carried out in a Büchi GlasUster 'miniclave drive' stainless steel vessel, 100 mL, with a maximum operation pressure of 60 bar (6 MPa). Teflon inserts were used and reactions were stirred using magnetic stirrer bars.
Protein expression and purification involved human HGS protein (also known as Hrs, Uniprot O14964; residues 1-225), which was prepared from bacterial expression and purified by nickel-affinity and size-exclusion chromatography.
Isothermal titration calorimetry was performed at 158C using a Microcal VP-ITC microcalorimeter. Proteins were buffered in 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.5, 100 mM NaCl. IP2 at 0.2 mM concentration was titrated into 0.02 mM HGS protein. Adamantyl lipid at 1.4 mM concentration was titrated into 0.2 mM HGS. Data were analysed using a single binding site model implemented in the Origin software package provided with the instrument.
Solvents such as n-hexane and N,N-dimethylformamide were purchased from Aldrich and dried over freshly activated 4-Å molecular sieves for 1 h. Anhydrous THF, diethyl ether, and dichloromethane were dried by passage through a packed column of activated neutral alumina under an argon atmosphere, and toluene by passage through a column with additional R3-11 copper-based catalyst (Pure Process Technology). Moisture levels of solvent from the drying columns were regularly checked by Karl Fischer titration. Petroleum spirits refers to the fraction of boiling point range 40-608C. Procedures using moisture-or air-sensitive reagents were undertaken in a nitrogenfilled dual manifold employing standard Schlenk line techniques. Brine refers to a saturated aqueous solution of sodium chloride.
Where appropriate and if not stated otherwise, all reactions were performed in flame-dried apparatus under an atmosphere of dry nitrogen.
3-O-Methoxybenzyl-1,2-di-O-adamantanecarbonyl-snglycerol (3)
To a stirred solution of diol 1 (500 mg, 2.13 mmol, 1 equiv.) in dry dichloromethane (10 mL) under nitrogen was added 4-dimethylaminopyridine (33 mg, 0.27 mmol, catalytic). The resulting solution was cooled to 08C and dry pyridine (508 mg, 0.524 mL, 6.40 mmol, 3 equiv.) was added dropwise. After stirring for 30 min, adamantancarbonyl chloride (1.12 g, 5.88 mmol, 3 equiv.) was added dropwise. The reaction mixture was then warmed up to room temperature and heated at 658C overnight. The reaction was quenched, once no starting material remained by TLC, by addition of water (30 mL) and the aqueous phase was extracted with dichloromethane (4 Â 30 mL). The combined organic layers were washed with 2 M aqueous hydrochloric acid (30 mL) and the acid phase was back-extracted with dichloromethane (30 mL). The combined organic layers were washed with brine (35 mL), dried over MgSO 4 
1,2-di-O-Adamantanecarbonyl-sn-glycerol (4)
To a stirred solution of the PMB-ether 2 (55 mg, 0.10 mmol, 1 equiv.) in acetonitrile (4 mL) and water (1 mL) was added CAN (337 mg, 0.61 mmol, 6 equiv. (
A solution of benzyloxy-bis(N,N-di-isopropylamino)phosphine (548 mg, 1.62 mmol, 3 equiv.) and 1H-tetrazole (3.8 mL, 0.45 M, 1.73 mmol, 3.2 equiv.) in dry dichloromethane (5.0 mL) under nitrogen was stirred for 30 min. To the solution was added the diacyl glycerol 3 (225 mg, 0.54 mmol, 1 equiv.) in dry dichloromethane (25 mL). After stirring at room temperature overnight, the reaction mixture was diluted with dichloromethane (30 mL) and quenched by addition of sat. NaHCO 3 solution (50 mL). The organic phase was separated and the aqueous phase was extracted with dichloromethane (3 Â 30 mL). The combined organic phases were washed with brine (50 mL), dried over MgSO 4 , filtered, and the solvent was removed under vacuum. Flash chromatography (5 : 15 : 80 triethylamine/ethyl acetate/petroleum spirit) afforded the phosphoramidite 5 (320 mg, 90 %) as a colourless oil. R f 0.9 (30 % ethyl acetate/petroleum spirit). ½a 
0 -yl benzyl phosphate) 4,5-Bis(dibenzyl)phosphate (8) 1H-Tetrazole solution (0.29 mL, 0.45 M, 0.13 mmol, 3 equiv.) in acetonitrile was added to a solution of phosphoramidite 5 (63 mg, 0.095 mmol, 2.2 equiv.) in dry dichloromethane (1 mL) under nitrogen. After stirring at room temperature for 30 min, a solution of inositol head group 6 (42 mg, 0.043 mmol, 1 equiv.) in dry dichloromethane (1.2 mL) was added to the mixture dropwise. After stirring at room temperature overnight, meta-chloroperoxybenzoic acid (mCPBA) (140 mg, 70-75 %, 0.57 mmol, 6 equiv.) was added in a single portion and the mixture was stirred for a further 2 h. The reaction mixture was diluted with dichloromethane and washed with sat. aq. NaHSO 3 . The aqueous phase was extracted with dichloromethane and the combined dichloromethane extract was washed with sat. NaHCO 3 , brine, and dried (MgSO 4 ). After filtration, the solvent was removed under vacuum to give the crude product. Flash chromatography (40-80 % ethyl acetate/petroleum spirit) afforded the protected lipid 6 (30 mg, 0.020 mmol, 47 %) as a colourless oil. 
To a solution of the protected lipid 8 (30 mg, 0.0195 mmol, 1 equiv.) in tert-butanol (4.2 mL) and water (0.7 mL) was added NaHCO 3 (8.2 mg, 0.0975 mmol, 5 equiv.) followed by Pd black (41 mg, 20 equiv.). The reaction vessel (Büchi GlasUster hydrogenator) was degassed with N 2 three times and then filled with hydrogen (150 psi [1 MPa]) and stirred for 65 h at room temperature. The mixture was centrifuged and the supernatant was removed. The residue was washed with ethyl acetate and centrifuged again to remove the starting material or by-products left. The solid residue was stirred with water (5 mL) and centrifuged and the aqueous supernatant was collected. This procedure was repeated three times (1300 g, 10 min). The combined aqueous phases were passed through a plug of Celite and freezedried to afford product 7 (11 mg, 62 %) as a fluffy colourless amorphous solid.
[ 3 MPa]) before filtration of the crude reaction mixture through Celite, rinsing with methanol (50 mL) and milliQ water (50 mL). All solvent was removed (under vacuum and by lyophilisation) and the crude product was suspended in diethyl ether (10 mL) and milliQ water (15 mL). The organic layer was extracted with milliQ water (3 Â 10 mL) and the combined aqueous layers were lyophilised to give a pure colourless solid that was then stirred with sodium hydrogen carbonate (3 equiv.) in milliQ water overnight. The solution was then lyophilised to give the pure product 11 (4.0 mg, quantitative) as a fluffy colourless solid.
Mp 146-1488C (dec.) (lyophilised from water P NMR spectra of all new compounds reported in this paper are available on the Journal's website.
